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Sex, ageing and resting blood pressure: gaining insights
from the integrated balance of neural and haemodynamic
factors
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Abstract Young women tend to have lower blood pressure, and less risk of hypertension,
compared to young men. As people age, both blood pressure and the risk of hypertension increase
in both sexes; this occurs most strikingly in women after menopause. However, the mechanisms for
these influences of sex and age remain incompletely understood. In this review we are specifically
interested in the interaction between neural (sympathetic nerve activity; SNA) and haemodynamic
factors (cardiac output, blood pressure and vascular resistance) and how these change with sex
and age. While peripheral vascular SNA can vary 7- to 10-fold among normotensive young men
and women, it is reproducible in a given individual. Surprisingly, higher levels of SNA are not
associated with higher blood pressures in these groups. In young men, high SNA is associated with
higher total peripheral vascular resistance (TPR), and appears to be balanced by lower cardiac
output and less peripheral vascular responsiveness to adrenergic stimulation. Young women
do not exhibit the SNA-TPR relationship. Recent evidence suggests that f-adrenergic vaso-
dilatation offsets the vasoconstrictor effects of a-adrenergic vasoconstriction in young women,
which may contribute to the generally lower blood pressures in this group. Sympathetic nerve
activity increases with age, and in groups over 40, levels of SNA are more tightly linked to levels
of blood pressure. The potentially protective S-adrenergic effect seen in young women appears to
be lost after menopause and probably contributes to the increased blood pressure and increased
risk of hypertension seen in older women.
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Introduction

Arterial blood pressure is a key regulated variable in the
human cardiovascular system. Dysregulation of blood
pressure leading to chronic hypertension or hypotensive
disorders (such as orthostatic intolerance/hypotension)
is the source of significant morbidity and mortality
in the UK and developed countries around the world
(Robertson, 1999; Fields 2004; Fu et al. 2004; Kearney
et al. 2005). Importantly, the incidence of disorders at
both ends of the blood pressure spectrum is significantly
different between the sexes (Robertson, 1999; Kearney
et al. 2005). Young women (prior to the menopause) have
much lower incidence of chronic hypertension compared
to men of similar age (Wiinberg et al. 1995; Kearney et al.
2005), whereas, compared to men, younger women are
much more likely to develop hypotensive disorders such
as orthostatic intolerance (Robertson, 1999; Ganzeboom
et al. 2003; Fu et al. 2004; Olde Nordkamp et al. 2009).
Several lines of evidence support the idea that female
reproductive hormones have a major protective influence
against the development of cardiovascular disease in
young women. For example, ageing is associated with
increased risk of hypertension in both men and women.
However, at around the age of menopause, the incidence
of hypertension increases markedly, where rates of
hypertension meet or even exceed that in men of a similar
age and demographic status (Burt et al. 1995; Wiinberg
et al. 1995; Martins et al. 2001; Kearney et al. 2005).
This is important to consider when the postmenopausal
population is expected to increase 2- to 5-fold by 2025 (US
Census Bureau on World Population; Meyer et al. 2008).

In the present discussion, our goal is to review evidence
for differences between the sexes in terms of blood
pressure regulation, with a focus on recent evidence
regarding the importance of inter-individual variability
in blood pressure regulatory mechanisms. In particular,
we are interested in the interaction between neural
factors (notably peripheral vascular sympathetic nerve
activity, SNA) and haemodynamic factors (including
cardiac output, peripheral blood flow and peripheral
vascular resistance). Our overarching hypothesis is that
sex and age interact to influence the transmission of
muscle sympathetic nerve activity (MSNA) into vaso-
motor tone and thus alter the extent to which sympathetic
nerve activity affects resting arterial pressure. We will focus
primarily on data from human studies, with information
from other models included where appropriate to
complement the human work.

How is sympathetic nerve activity measured?

Various techniques are available to measure sympathetic
nerve activity in humans (for review see Grassi &
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Esler, 1999; Esler et al. 2003; Wallin & Charkoudian,
2007), which include direct postganglionic recordings
of efferent MSNA, measurement of whole body and
regional noradrenaline spillover and measurements of
plasma noradrenaline. Direct recordings of MSNA are
conducted via microneurography, most commonly from
the peroneal (fibular) nerve. In this case, the recorded
neurogram contains nerve signals from vasoconstrictor
nerve fibres, such that an increase in activity is
associated with increased noradrenaline release (along
with co-transmitters), vasoconstriction and increased
vascular resistance. Noradrenaline spillover techniques
are somewhat more invasive and use radiolabelled
noradrenaline infusions to obtain information about
regions not accessible by microneurography (Esler et al.
2003). Both techniques require a high level of technical skill
and provide information that is mechanistically super-
ior to simpler measurements of plasma noradrenaline. In
general the three techniques correlate well with each other
under resting conditions in male subjects (Wallin et al.
1992, 1996). However, it is unclear whether these data can
be extrapolated to women or to conditions/interventions
that cause sympatho-excitation (e.g. mental stress) or
sympatho-inhibition (e.g. hyperoxia). To address the goals
of our present review, we will focus primarily on data from
studies using microneurographic recordings of MSNA.

What do we know about MSNA and blood pressure?

In humans, MSNA has several distinct characteristics.
First, at rest MSNA varies around 7- to 10-fold among
healthy normotensive men and women (Sundlof & Wallin,
1977, 1978; Charkoudian et al. 2005; Narkiewicz et al.
2005). Second, acute changes in MSNA cause direct
alterations in vasoconstrictor tone (Seals, 1989). Third,
MSNA is tightly coupled to blood pressure via the arterial
baroreflex. However, over this wide range of variability,
MSNA is not linked to resting blood pressure values
in young men and women (Fig. 1): young people with
higher MSNA might have similar or lower brachial
blood pressure compared to young people with lower
MSNA (Sundl6f & Wallin, 1978; Charkoudian et al. 2005;
Narkiewicz et al. 2005; Hart et al. 2011). This latter finding
seems paradoxical: we know that SNA is linked to vaso-
constriction and blood pressure. Therefore, why would
young people who chronically have higher SNA not have
higher blood pressure?

The lack of relationship between MSNA and arterial
pressure among young men and women has perplexed
investigators for decades. Initially, this inter-individual
variability in MSNA disappointed many investigators as
it was thought to limit the use of microneurography as
a clinical diagnostic tool (Vallbo et al. 2004). However,
more recent work suggests that the variability of MSNA

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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among men and women might provide important insights
into cardiovascular and blood pressure regulation (Wallin,
2007).

Why is MSNA unrelated to blood pressure in young
men?

Studies by Charkoudian et al. (2005, 2006b) indicated
that MSNA was positively related to peripheral vaso-
constrictor tone (total peripheral resistance; TPR) in
young men. Therefore, young men with high MSNA had
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high levels of TPR. This has also been demonstrated by
Hogarth et al. (2007) where calf vascular resistance was
positively related to MSNA in young men. Why then
is MSNA not related to the level of arterial pressure at
rest in young men? Charkoudian and colleagues (2005)
explained this by demonstrating that there was, in fact, an
inverse relationship between MSNA and cardiac output
in the group of young men. Consequently, young men
with high MSNA and TPR had lower levels of cardiac
output. Thus, cardiac output appears to balance high
levels of MSNA (or vice versa) in young healthy men;
that is, in young men the net effect of MSNA on the
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Figure 1. The relationship between muscle sympathetic nerve activity (MSNA) and mean arterial
pressure (MAP) in young men and women (<40 years; top panels) and older men and women

(>40 years; bottom panels)

The relationship between MSNA and MAP becomes positive in older men and women. Taken from Narkiewicz

et al. (2005).
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vasculature at rest is negated by a balance between cardiac
outputand TPR. Figure 2 demonstrates that these findings
persist when a larger sample size is considered. Other
observations also indicate that there is a balance between
individual differences in vasoconstrictor responsiveness
to noradrenaline and baseline MSNA (Charkoudian et al.
2006b). For example, young individuals with high MSNA
had lower forearm vasoconstrictor responsiveness to
a-adrenergic agonists, suggesting that the «a-adrenergic
receptors become relatively desensitised in individuals
with high MSNA.

The findings from Charkoudian et al. indicate that
cardiac output may to be important in buffering the effect
of high MSNA and therefore high TPR on resting blood
pressure in young men. Hart et al. (2009a) demonstrated
that the inverse relationship between MSNA and cardiac
output in young men was mediated by stroke volume
rather than heart rate. Therefore, young men with high
MSNA had a smaller stroke volume. However, whether the
relationship between MSNA and cardiac output in young
men is balanced or, in fact, driven by cardiac output is
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unclear. Moreover, it is possible that a loss of ability to
balance high MSNA with lower cardiac output would lead
to the development of high blood pressure and potentially
hypertension in men.

Why is MSNA unrelated to blood pressure in young
women?

There is a growing body of evidence suggesting that sex
and/or sex hormones influence blood pressure regulation
(Minson et al. 2000; Saleh et al. 2000; Shoemaker et al.
2001; Saleh & Connell, 2003; Christou et al. 2005; Fu
et al. 2009; Hart et al. 2009a). Along these lines, women
appear to have less autonomic (Christou et al. 2005) and
a-adrenergic receptor (Schmitt et al. 2010) support of
resting blood pressure, less ability to buffer increases in
blood pressure via the baroreflex (Christou et al. 2005) and
lower «-adrenergic receptor sensitivity to noradrenaline
(Freedman et al. 1987; Kneale et al. 2000). Consequently,
because the findings outlined above regarding balances
among MSNA, cardiac output and TPR at rest were
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Figure 2. The relationship of MSNA to total peripheral resistance (TPR; top panels) and cardiac output
(CO; bottom panels) in young men (left) and young women (right)
MSNA (bursts per 100 heart beats) is positively related to TPR but inversely related to cardiac output in young
men. Conversely, there is no relationship among MSNA, TPR and cardiac output in young women. Data taken
from Charkoudian et al. (2005, 2006a,b) and Hart et al. (2009a,b, 2011).
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based on data recorded from young men, it was not
clear whether such findings could be extended to women.
Since there is no relationship between MSNA and arterial
pressure in young women, it was expected that the
relationships among MSNA, cardiac output and TPR
would be similar to those observed in men (but perhaps
blunted). Surprisingly, Hart et al. (2009a) reported that
there was, in fact, no relationship of MSNA to TPR or
cardiac output in young women. Thus, young women with
high resting MSNA did not necessarily have high TPR or
a low cardiac output. This suggests that MSNA is not a
good indicator of vasoconstrictor tone in young women,
and that some other factor(s) must balance out the pre-
ssor effects of high MSNA in this group. The disconnect
between MSNA and vasoconstriction in young women is
corroborated by Hogarth et al. (2007) who demonstrated
that the relationship between MSNA and calf vascular
resistance during sympathoexcitation (cold pressor test
and ischaemic hand grip) was positive in young men, but
did not exist in young women. These reports therefore
suggest that the transduction of MSNA into vasomotor
tone at rest (or during a sympathetic-excitatory stimulus)
is blunted in young women.

The lack of relationship between MSNA and TPR
in young women may point to a potential role for
B-adrenergic receptors in explaining the differences in
blood pressure regulation between the sexes. More
specifically, a study by Kneale et al. (2000) suggested that
local B-adrenergic vasodilatation may offset a-adrenergic
vasoconstriction in women to a greater extent than it does
in men. Kneale ef al. found that forearm vasoconstrictor
responses to brachial artery noradrenaline infusions
were greater in men compared to women but when
propranolol (a non-selective S-adrenergic antagonist) was
administered, forearm vasoconstriction was significantly
greater in the women. Conversely, propranolol had no
influence on forearm vasoconstriction to noradrenaline
in the men. In addition to this, Kneale et al. demonstrated
that the sensitivity of vascular S-adrenergic receptors to
albuterol (specific B,-adrenergic agonist) in the human
forearm was greater in young women compared to men.

These  findings indicate  that  pB-adrenergic
receptor-mediated dilatation is enhanced in young
women and thus might offset the vasoconstrictor effects
of high MSNA. In this context, Hart et al. (2011)
demonstrated that S-adrenergic vasodilatation does
have an important systemic haemodynamic role in
terms of overall sympathetic control of resting arterial
blood pressure in women. As noted above, there is no
relationship between MSNA and TPR at rest in young
women. However, when the p-adrenergic receptors
were blocked with high systemic doses of propranolol,
the relationship between MSNA and TPR as well as
the relationship between MSNA and MAP became
significant and positive (Hart et al. 2011; Fig.3). In

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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other words, young women with high MSNA had a
high blood pressure during S-blockade. Taken together
these findings suggest that S-receptor-mediated vaso-
dilatation is an important factor uncoupling MSNA from
vasoconstriction in young women, and furthermore
that it is an important component of the balance of
factors maintaining normotension in young women. This
mechanism may explain why young women are at less
risk of developing hypertension (and other cardiovascular
diseases) compared to young men.

The mechanisms underlying increased vascular
p-adrenergic receptor sensitivity in young women
are unclear, but are most probably related to
circulating female sex hormones. Along these lines
oestrogen supplementation in ovariectomised rats
increased pB-adrenergic receptor sensitivity to iso-
proterenol in the mesenteric arteries (Ferrer et al.
1996). Moreover, the increased mesenteric artery vascular
conductance in oestrogen-treated rats was abolished
when propranolol was administered (Ferrer et al
1996). Whether progesterone has a similar effect on
the B-adrenergic receptors is unclear. Interestingly,
progesterone supplementation selectively increases the
density of the B,-adrenergic receptors in the rat myo-
metrium (Vivat et al. 1992). However, it is unknown
if progesterone up-regulates the vascular B,-adrenergic
receptors in animals and humans. Exactly how the
female sex hormones might increase the sensitivity of
the B-adrenergic receptors to their respective agonists
is ambiguous. Oestrogen is well known to increase
vascular nitric oxide synthase activity and availability
(Sudhir et al. 1996; Miller & Duckles, 2008). Furthermore,
the f-adrenergic receptors cause vasodilatation partially
through a nitric oxide mechanism (Cardillo et al. 1997;
Ferro et al. 1999; Jordan et al. 2001; Eisenach et al. 2002).
It is possible, therefore, that the female sex hormones
enhance B-adrenergic-mediated dilatation by increasing
nitric oxide availability.

What happens as we age?

As people age, resting blood pressure tends to increase,
as does the risk of hypertension and related disorders
(Kearney et al. 2005; Rothwell et al. 2005; Roger etal. 2011).
In fact, more than 60% of men and women >65 years
of age in England (Health Survey for England; Craig &
Mindell, 2006) and over 65-70% of this population in
the US have hypertension (National Centre for Health
Statistics, USA, 2009). Furthermore, MSNA increases with
age and is thought to contribute to the increased risk of
developing hypertension in older individuals (Jones et al.
2001).

Starting at middle age in both men and women,
the relationship between MSNA and arterial pressure
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becomes positive (Narkiewicz et al. 2005; Hart et al. 20095,
2011), unlike the lack of relationship observed in younger
people (Fig. 1). This suggests that MSNA becomes more
important in determining resting arterial pressure in older
men and women. The relationship between MSNA and
blood pressure in older people appears to be due, in part,
to the lack of balance between neural and haemodynamic
factors. For example, the inverse relationship seen between
MSNA and CO in younger men is absent in older men
(Hart et al. 2009D). Interestingly, the positive relationship
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between MSNA and TPR that exists in young men also
disappears in older men (Hart et al 2009b), which
suggests that factors other than MSNA, including end-
othelial function and/or circulating endothelin 1, become
more important in maintaining peripheral vascular tone
in older men. However, this area clearly needs further
investigation. Additionally, older men do not demonstrate
the inverse relationship between MSNA and vascular
adrenergic responsiveness that is observed in younger
groups (Hart et al. 2009b).
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Figure 3. The relationship between MSNA and TPR in young men, young women and postmenopausal
(PM) women before (left) and during (right) systemic g-blockade with propranolol

Systemic B-blockade caused the relationship between MSNA and TPR to become positive in young women, so it
was similar to that observed in young men and postmenopausal women. BB, before B-blockade. Taken from Hart

etal (2011).
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receptor is primarily activated by noradrenaline in each specific group (NB: we do not know whether noradrenaline
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young men. PMW, postmenopausal women; OM, older men; VSMC, vascular smooth muscle cell.
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In older women, a change in the role of B-adrenergic
receptors in maintaining vascular tone appears to be an
important factor that influences resting blood pressure.
Along these lines, the ability of the f-adrenergic receptors
to offset noradrenaline-mediated vasoconstriction that is
seen in younger women (Kneale et al. 2000; Hart ef al.
2011), disappears in postmenopausal women without
B-blockade (Hart et al. 2011). Postmenopausal women
demonstrated a positive MSNA-TPR relationship in the
absence of B-blockade (Fig.3), such that older women
with high MSNA had high levels of resting TPR and blood
pressure. During S-blockade the relationship between
MSNA and TPR remained positive in this group of women
(Hart et al. 2011, Fig.3) suggesting that the ability of
the B-adrenergic receptors to buffer the transduction of
MSNA into vasoconstrictor tone at rest is lost in post-
menopausal women. Whether this change in the role
of the B-adrenergic receptors is related to a decrease in
circulating female sex hormones, or to ageing itself, is
unclear. In postmenopausal women receiving transdermal
oestrogen hormone replacement therapy there is also
reduction in arterial pressure and MSNA (Vongpatanasin
et al. 2001). Part of the beneficial effect of transdermal
oestrogen on blood pressure may also be related to the
potential effects of oestrogen on the vascular S-receptors.
However, this remains to be addressed. Interestingly, some
evidence indicates that vascular B-adrenergic receptor
sensitivity is also attenuated in hypertensive individuals
(Stein et al. 1995). Therefore, changes in the sensitivity
of the B-receptors to noradrenaline may explain why the
incidence of hypertension increases in postmenopausal
women and becomes similar to (or sometimes greater
than) thatin men of the same age (Burt et al. 1995; Kearney
et al. 2005).

Interestingly, in postmenopausal women at rest (with
no B-blockers), the positive relationship between MSNA
and TPR was not buffered by cardiac output as it is in
young men. These data suggest that in postmenopausal
women, cardiac output cannot balance the effect of high
levels of MSNA on the vasculature. The mechanisms
underlying this are unclear, but might be related to
reductions in left ventricular compliance and thus stroke
volume which occurs with age and sedentary lifestyle
(Shibata et al. 2008; Fujimoto et al. 2010).

It should be noted that there are other physiological and
behavioural changes, which occur as part of the normal
ageing process in humans, and which may have an impact
on the neural/haemodynamic interactions discussed here.
These include a decline in physical activity, combined
with increased fat mass (and diminished fat-free mass).
Increased central adiposity can itself lead to an increase
in sympathetic nerve activity (Jones et al. 1996, 1997a).
Therefore the large increase in MSNA that occurs with
age may be partially attributed to increased fat and total
body mass (Jones et al. 1997a). Ageing is also associated
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with an increase in stiffness of the central elastic-type
arteries (Tanaka et al. 1998, Monahan et al. 2001), end-
othelial dysfunction (Newcomer et al. 2005; Donato et al.
2009), desensitization of a¢-adrenergic receptors (Dinenno
et al. 2002; Hart et al. 2011) (Smith et al. 2007), increased
reactive oxygen species (Bailey et al. 2010) and decreased
blood volume relative to fat-free mass (Davy & Seals,
1994; Jones et al. 1997b). Although these are outside the
scope of the present discussion, any of these changes may
contribute to, and/or interact with, SNA and its control of
blood pressure as people age.

What about central aortic blood pressure?

The relationships between MSNA and blood pressure
discussed in this manuscript are based on systemic arterial
pressures measured in the brachial artery. It is well known
that arterial pressure is different throughout the arterial
tree, thus, systemic brachial arterial pressure does not
necessarily reflect blood pressure in the aorta (or central
arterial pressure). This is important to consider since the
pressure in the ascending aorta partially determines the
force that the left ventricle has to generate to pump blood
into the arterial system (i.e. afterload). Consequently,
high aortic systolic pressures are better predictors of
cardiovascular risk and outcome than brachial arterial
pressure (Vlachopoulos et al. 2010). Interestingly, the lack
of relationship between MSNA and peripheral arterial
pressure observed in young men and women persist when
estimated aortic pressures are used (Casey et al. 2011).
In addition, in postmenopausal women, the relationship
between MSNA and aortic systolic pressure becomes
positive, which follows the same pattern observed when
brachial arterial pressures are considered (Hart et al. 2011;
abstract only). Thus, older women with high MSNA
and high peripheral arterial pressure, also have higher
estimates of aortic systolic blood pressure.

Reflected blood pressure waves from peripheral sites
that return to the aorta can affect aortic blood pressure
depending on when they arrive (i.e. during systole or
diastole). For example, a reflected pressure wave that
returns during systole can increase aortic systolic arterial
pressure. Aortic augmentation index is a measure of
the percentage of systolic aortic pressure that is due to
reflected blood pressure waves. Interestingly, in young
men, MSNA is positively related to augmentation index,
whereas in young women these variables are inversely
related (Casey ef al. 2011). Therefore, in young men
with high MSNA, augmentation index is high and in
young women, higher MSNA is associated with lower
augmentation index. Importantly, higher augmentation
index is linked to increased cardiovascular risk (Manisty
et al. 2010). This might further explain why high MSNA
is linked to increased cardiovascular risk profiles and

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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moreover, why young women are protected against the
development of cardiovascular disease.

Future directions

Throughout this review we have emphasized the recently
identified importance of the vascular B-adrenergic
receptors in modulating resting blood pressure and how
these receptors might be either up-regulated or become
more sensitive to noradrenaline in the presence of female
sex hormones. Important future directions for this work
include further understanding of the mechanisms involved
in the interactions among sex steroids, noradrenaline
and adrenergic receptors, as well as understanding of
differences among vascular beds and how these differences
are affected by age and sex. From a clinical perspective,
it will ultimately be important to translate this under-
standing into treatments that are more specific to the sex
and age of the patient.

Summary and perspectives

Studies focusing on inter-individual differences in blood
pressure regulation have been fundamental in developing
what we now know about resting blood pressure control.
These studies indicate that blood pressure regulation
varies among individuals and perhaps, more importantly,
resting blood pressure control is dependent on sex and
age. In this context, it has been demonstrated that the
B-adrenergic receptors are essential in the control of
resting blood pressure in young women (see Fig.4 for
summary schematic). That is, the S-adrenergic receptors
offset the transduction of MSNA into vasoconstrictor
tone and may prevent increases in TPR under conditions
when resting MSNA is augmented in young women.
However, this phenomenon does not occur in young men,
where a balance among MSNA, TPR and cardiac output
appears to be more important in controlling resting blood
pressure. Interestingly, in postmenopausal women, the
ability of the B-receptors to offset the transmission of
MSNA into peripheral vasoconstrictor tone is lost. This,
combined with elevations in sympathetic nerve activity,
may explain why blood pressure and the incidence of
hypertension increases around the age of menopause (Burt
et al. 1995; Wiinberg et al. 1995; Kearney et al. 2005).
Furthermore, it is possible that because the S-receptors
cannot balance the pressor effects of acute elevations in
resting MSNA (e.g. due to mental stress), postmenopausal
women are more at risk of developing cerebrovascular or
other cardiovascular-related events (Rothwell et al. 2005;
Roger et al. 2011). In contrast to older women, the positive
relationship between MSNA and MAP in ageing men
appears to be due to a lack of balance among neural and
haemodynamic factors. Along these lines, neither cardiac
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output nor vasoconstrictor responsiveness relate to MSNA
in a way that helps to minimise its effect on blood pressure
in older men.

Clearly both sex and age have important influences
on the integrative balance of neural and haemodynamic
factors that determine the level of blood pressure in a given
person. The investigation of inter-individual differences
in these variables has provided important insight into the
regulation of blood pressure in young and older men and
women, and may contribute to the specificity of future
therapeutic interventions in cardiovascular care.
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